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Abstract : The vibrational properties of defective single-walled carbon nanotube filled with C60 fullerene is the 
subject of the current study. For this aim we use the spectral moments method in the framework of the bond-
polarization theory to calculate the nonresonant Raman spectra of hexa-vacancy defective C60 peapods. 
Essentially, the vibrational properties are closely coupled with the atomic structure of the system. The evolution of 
the Raman spectrum as a function of the spatial arrangement of defects in carbon nanotubes is discussed. This 
work provides benchmark theoretical results to understand the experimental data of defective C60 peapod. 
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Introduction 
Since the pioneering study in 1998 by Smith et al.[1,2], single 
Wall carbon nanotubes (SWNT) filled with C60 fullerene 
molecules (called peapod) have attracting intensive interest 
in the material science and nanotechnology community on 
account of their interesting structure and their excellent 
electronical and mechanical properties. Thus, these 
materials represent a new class of hybrid systems between 
fullerenes and SWNTs where the encapsulated molecules 
(the peas) and the SWNT (the pod) are bonded through van 
der Waals interactions. 
 
Using high-resolution transmission electron microscopy 
(HR-TEM), Suenaga and co-workers[3] elucidated that, the 
carbon nanotube is not perfect but it has a structural 
defects. There are several studies on the defects in SWNT 
structure and their effect on mechanical properties of 
SWNT[4,5], however only few literatures are available to date 
about the effect of defect in peapod. Experimentally peapod 
is made by a purification process, if this process is done 
imperfectly, some defects may remain on the wall of the 
peapod[6,7]. 
 
The evaluation of effects of defects and impurities on 
properties of these nanostructures would be crucial because of 
the inevitable creation of defects during the synthesis and 
purification processes[8] and under mechanical strains[9,10]. The 
most typical type of defects in crystalline lattices are point 
vacancies, interstitials, and bound complexes of the two. A 
missing or extra atom is a small perturbation in weakly bonded 
metal crystals, but it is not the same for the graphene. When 
vacancies and interstitials are highly disfavored, bond rotations 
are not, and these constitute the most prevalent type of defect 
in high quality graphites. A single bond rotation only affects 
four adjacent hexagons, converting two into pentagons and 
two into seven-sided heptagons, known in the literatura as a 
Stone-Wales (SW) defect.  
 
The simplest defect type is a vacancy where a lattice site is 
unoccupied. The presence of vacancies may deteriorate the 
outstanding properties of nanotubes but may also have 
beneficial effects. In previous works of our group[11,12,13], we 
calculated the vibrational properties of non defect C60 peapods. 
In order to improve the comparison with the experimental 
Raman data measured on peapod samples, we calculate the 
nonresonant Raman spectra of C60 filled hexa-vacancy SWNT. 
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In this aim, we calculate the nonresonant Raman spectra in 
the framework of the bond-polarizability model combined 
with the spectral moment method. 
 
This paper is organized in the following way. In Section 2 we 
present the used model and method. Results of calculations 
are the aim of Section 3, the final section is conclusions. 
Model and method 
Vacancy defects are always presented in SWNTs due to post-
processing, including ion[14] and electron irradiation[15], and 
so on. In this study, we focus on vibrational properties of C60 
inside hexa-vacancy defect in SWNT. The starting point for 
the majority simulation techniques is the calculation of the 
dynamical matrix of the system, and so will it be for this 
article. The dynamical matrix of C60 inside defective SWNT is 
calculated by block: the intramolecular interactions between 
carbon atoms at the surface of the C60 molecules are 
modelized by the force constants model described by Jishi 
and Dresselhaus[16], the C-C intratube interactions at the 
Surface of defective SWNT are calculated using Density 
Functional Theory (DFT) as implemented inside the SIESTA 
package[17] and the dynamical matrices associated with the 
coupling between the different subsystems (C60-SWNT and 
C60-C60 interactions) are described by the familiar (12-6) 
Lennard-Jones potential, 
    6124)( rrrU LJ   , where r is the carbon 
atom-atom distance. We fixed  2.964 meV and 
3407.0 nm according to Ref.[18]. 
Raman scattering studies has been extensively used to 
identify structural defect and nondefect in carbon nanotube 
and peapods. The intensities of the Raman lines are 
calculated within the empirical non-resonant bond 
polarizability model[19]. In this study we use the same bond 
polarizability parameters used in our previous work 
concerning the calculation of the Raman spectra of individual 
C60 and C70 peapods[12,20]. The D-band in the Raman spectra 
of sp2 carbons is a signature of defects in the graphene 
lattice[21] and is often used to characterize defective SWNTs. 
However, the interpretation of the D-band feature might be 
ambiguous as a large observed D-band intensity might 
originate from one nanotube while the radial breathing 
mode (RBM) or graphitic G-band could be due to another 
tube present in the same sample[22]. 
Results  
In this work, we focus primarily on vibrational properties of 
hexa-vacancy defect in both SWNT (see figure 1) and 
peapod. For this aim we study the Raman spectra of hexa-
vacancy defect in (10,10) SWNT as a function of defect 
concentration. However, it is found from figure 2 that 
compared with that in the perfect SWNTs, although the 
hexa-vacancy leads to a redshift of the tube’s RBM 
frequency. When the concentration of hexa-vacancies 
increases RBM downshift from 164 cm-1  in pristine tube to 
161 cm-1, 160 cm-1, and 158 cm-1 for 2%, 3%, and 4% 
hexa-vacancies concentration in (10,10) SWNT, respectively. 
A second-lowest Raman-active mode located at 328 cm-1, 
330 cm-1, 338 cm-1 for 2%, 3%, 4% hexa-vacancy 
concentrations for (10,10), this mode correspond to hexa-
vacancy defect in (10,10) nanotube. 
 
Figure 1: Schematic of both pristine (a) and hexa-
vacancy defect (b) in SWNT. 
 
Figure 2: ZZ-polarized Raman spectra of armchair 
carbon nanotube (10,10) as a function of hexa-
vacancies defects concentration. 
The ratio of the D- to the G-band intensity (ID/IG), is usually 
used for a measurement of the disordered and the defect sites 
on carbon nanotubes walls, and it is useful to determine both 
the purity and the defect density, which has been difficult to 
accomplish by means other than Raman spectroscopy. In fact, 
the decrease of the intensity of the G mode upon defect 
creation increases the ID/IG intensity ratio, which could lead to 
an estimation of the amount of defects. The data in figure 3 
shows the ID/IG ratio increased linearly for (10,10), from 0 to 
10% concentration. 
 
Because of their structural and vibrational properties, a lot of 
theoretical and experimental studies have been presented on 
C60 and C70 fullerenes and several interesting properties have 
been predicted or observed. Despite the large number of 
experimental results on the defect-induced changes to the 
Raman spectra of nanotubes samples the information that can 
be extracted from such analyses is limited and thus many 
issues remain unclear. In particular, the vibrational studies of 
defects peapods need more studies, for this purpose and in 
order to investigate the effect of hexa-vacancy defect on the 
oscillatory behavior of C60 peapod oscillators, we calculate ZZ-
polarized Raman spectra of individual peapods for linear 
configuration of the C60 molecules inside (10,10) as a function 
of hexa-vacancy defect rates. For this purpose, four defect 
rates 0%, 0.6%, 1.2%, 1.8% in (10,10) have been 
considered, when the SWNTs fill with a 320, 269, 218, 167 C60  
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Figure 3: The intensity ratio ID/IG for (10,10) 
armchair SWNT is plotted as a function of the 
concentration of hexa-vacancy defect in the 
nanotube walls. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
molecules, respectively, the results are shown in figure 4. The 
ZZ Raman spectra are displayed in the peapod radial 
breathing-like modes (PRBLM) range (left), in the region of the 
radial C60 modes and D band of defective SWNT (middle), and 
in the range of tangential modes: Ag(2) mode of C60 and G-
modes of the tubes (right).  
 
The comparison between the calculated Raman spectra of 
perfect and defect peapods does not show significant 
differences in the intermediate and high-frequency regions 
except a new mode due to hexa-vacancy defect in SWNT 
(mode D) located at 1355 cm-1. The modes located in the 
breathing-like mode range are very sensitive to the defect in 
SWNT because major changes in frequencies and intensities 
are observed. Concerning the RBLM mode of prestine 
C60@(10,10) peapod is downshifted by 3 cm-1 independent of 
defect rate in peapod wall. Regarding the main lowest 
frequency Raman active modes of C60 no significant 
modification was observed in the Hg(2) and Ag(1) modes on 
defective peapod. By contrast, the increase of defect rate from 
0% to 1,8% leads to a downshift of the Hg(1) mode by 12 cm-1  
with respect to the Hg(1) mode of C60 molecule. 
 
 
 
 
 
 
Figure 4: hexa-vacancy rate dependence of the ZZ-polarized Raman spectra of 
C60@(10,10) peapods. 
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Conclusion 
In this paper, we have studied defects of the polarized 
Raman spectra of hexa-vacancy in both (10,10) armchair 
single-walled carbon nanotube and C60@(10,10) peapod as a 
function of the concentration of defects using the bond- 
polarizability model combined with the spectral moment’s 
method. By examining the Raman intensities calculated for 
defective nanotube samples containing specific defects 
hexavacancy, we conclude that ID/IG ratios is sensitive to the 
defect concentration. All these predictions help us to explain 
the experimental Raman spectra of hexa-vacancy defect in 
nanotubes and in peapods. 
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